
.-.-. 

NRL Report 6293 
AFML-TR-64-408 

c 

Electron Microscope Fracture Examination to 
Characterize and Identify Modes of Fracture 

C. D. BEACHEM 

Physicul Metallurgy Branch 
Metallurgy Division 

September 28, 1965 

U.S. NAVAL RESEARCH LABORATORY 
Washington, D.C. 

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED. 



CONTENTS 

I;?: 

C”‘, 

r-* 
te..- 
G-2 
(“C 
11.3 
‘“‘V 
I-.* 
r”T 
w 

Abstract 
Problem Status 
Authorization 

1. INTRODUCTION 

2. CHARACTERIZATION OF ALUMINUM ALLOY 
FRACTURE SURFACES 

a. 2020 T651 
b. 2024 T851 and T4 
c. 6061 T651 
d. 7178 T6 
e. 7075 T6 

3. CHARACTERIZATION OF TITANIUM 
FRACTURE SURFACES 

a. Low-Interstitial Unalloyed Titanium 
b. Ti-6Al-4V 
C. Ti-8AI- lMo- 1V 
d. Ti-4Al.-3Mo- 1V 

f”: 
Ti-5AI-3Sn-2Mo-2V As Cast 
Ti-2-1/2Ai-16V 

EC* Ti-13V-llCr-4Al 

54 
59 
59 
59 
74 
74 
74 

4. CHARACTERIZATION OF STEEL FRACTURE SURFACES 87 

a. HY 80 Steel 87 
b. HY 110 Steel 87 
C. HY 150 Steel 87 
d. Maraging Steel Weld Metal 103 

5. MONOTONIC FRACTURE SURFACE MARKINGS THAT 
MAY BE MISTAKEN FOR FATIGUE MARKINGS 

6. FRACTURE PROPAGATION DIRECTION DIAGNOSIS 
BY EXAMINATION OF DIMPLE ORIENTATION 

7. OTHER PROGRAM RESPONSIBILITIES 116 

8. SUGGESTIONS FOR FUTURE WORK 116 

ii 
ii 
ii 

1 

2 

2 
14 
29 
35 
41 

54 

115 

116 

ACKNOWLEDGMENT 116 

REFERENCES 119 



ELECTRON MICROSCOPE FRACTURE 
EXAMINATION TO CHARACTERIZE AND IDENTIFY 

MODES OF FRACTURE 

1. INTRODUCTION 

The examination and study, in the electron microscope, of replicas of fracture sur- 
faces has proved very useful in studies of fracture mechanisms. Fine-scale fracture 
surface features that are characteristic of specific causes of fracture in specific mate- 
rials have been recognized in the past as a sufficient basis for the performance of certain 
failure analyses and of invaluable aid in performing others. However, research into 
fracture mechanisms and the systematic collection of electron fractographs from well 
documented fractures are primary necessities for the performance of failure analyses 
through the use of electron fractography. 

The specific aims in this program were: (1) to continue the NRL collection of elec- 
tron fractographs which characterize fracture surfaces created in the laboratory under 
known conditions, (2) to investigate fracture mechanisms basic to certain types of frac- 
ture, (3) to use electron fractography in the performance of critical failure anallses, 
(4) to provide guidance to Douglas Aircraft Company during the compilation of the Failure 
Analysis Handbook, and (5) to train personnel in the techniques of replication and inter- 
pretation of electron fractographs. 

Specimens with documented histories were obtained from various sources within 
the Metallurgy and Mechanics Divisions of NRL after they had been fractured in the 
routine execution of various fracture toughness evaluation programs. None of the 
specimens were broken specifically for the present contract. Since each NRL Group 
that supplied specimens for this program was collecting only the data they felt were 
significant, some of the results reported herein are not complete in all respects. For 
example, some of the fatigue surfaces examined were fatigue-cracked in order to pro- 
vide a sharp notch for crack toughness evaluations, and no records of the fatigue 
stresses were kept. 

The cellulose acetate replication process was used almost exclusively in the prep- 
aration of replicas. The standard practice was to use 5 mil tape, shadow with palladium 
at 45” (in the direction of macroscopic crack propagation) and rotate the plastic replica 
while carbon was evaporated at about 45” angle. The carbon replicas were then freed 
from the cellulose acetate by washing the replicas in three baths of acetone. In a few 
instances direct carbon replicas were used. Technique details in these instances are 
described along with the discussion of the fracture surfaces. 

Shadowing direction is indicated in each fractograph by an arrow above the micron 
marker. 

In sampling the fracture surfaces, replicas were made of five or six locations on 
large specimens. Only the square, or plane strain, fracture surfaces were examined 
in most instances. Each carbon-backed replica was then cut into grid-size pieces 
and each piece was studied in the microscope. In each case an overly sufficient 
number of fractographs were made to make certain of a good characterization. Only 
those pictures necessary for describing the characteristic features are included in 
this report. 
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2. CHARACTERIZATION OF ALUMINUM ALLOY FRACTURE SURFACES 

a. 2020 T651 

Figures 1-12 are taken from two 2020 T651 aluminum plate specimens fatigue- 
cracked and broken in an Izod machine which had hwn mnclifid tn hnld full-thickness 

Fig. 1 - Room temperature impact square fracture plane-strain dimpled rupture in 
2020 T651 aluminum alloy. Scraping artifacts are evident at the bottomof the frac- 
tograph. Cellulose acetate-carbon replication technique. Palladium shadowed. 6000X 
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Fig. 2 - Room temperature impact square fracture plane-strain dimpled 
rupture in 2020 T651 aluminum alloy. 
tion technique. 

Cellulose acetate-carbon replica- 
Palladium shadowed. 6000~. 
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Fig. 3 - Room temperature impact square fracture plane-strain dimpled 
rupture in 2020 77651 aluminum alloy. Arrows indicate flat plate-like 
particles often associated with dimples inthis material. Cellulose acetate- 
carbon replication technique. Palladium shadowed. 21,000X. 
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Fig. 4 - Tension-tension plane-strain fatigue markings in an RW fatigue 
crack in 2020 T651 aluminum alloy. 
dimples . 

Striations are often mixed with tear 
Cellulose acetate-carbon replication technique. Palladium 

shadowed. 6000X. 
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Fig. 5 - Tension-tension plane -strain fatigue ma r k i n g s in an RW fatigue 
crack in2020 T651 aluminum alloy. Arrows indicate tongue-shaped cracks 
along parts of some of the striations. Cellulose acetate-carbon replica- 
tion technique. Palladium shadowed. 6000X. 
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Fig. 6 - Tension-tension plane- strain fatigue markings in anRW fatigue 
crack in 2020 T651 aluminum alloy. Arrows indicate tongue-shaped cracks 
along parts of some of the striations. Cellulose acetate-carbon replication 
technique. Palladium shadowed. 6000X. 
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Fig. 7 - Tension-tension plane-strain fatigue markings in the WR fracture 
direction in 2020 T651 aluminum alloy. Cellulose acetate -carbon replica- 
tion technique. Palladium shadowed. 6000X. 
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Fig. 8 - Tension-tension plane-strain fatigue markings inthe WR fracture 
direction in 2020 T651 aluminum alloy. Cellulose acetate-carbon replica- 
tion technique. Palladium shadowed. 6000X. 
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Fig. 9 - Tension-tension plane-strain fatigue markings in the WR fracture 
direction in 2020 T651 aluminum alloy. Cellulose acetate-carbon replica- 
tion technique. Palladium shadowed. 6000X. 
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Fig. 10 - Tension-tensionplane-strain fatigue markings inthe WR fracture 
direction in 2020 T651 aluminum alloy. Cellulose acetate-carbon replica- 
tion technique. Palladium shadowed. 6000X. 
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Fig, 11 - Tension-tensionplane-strainfatigue markings inthe WR fracture 
direction in 2020 T651 aluminum alloy. 
tion technique. 

Cellulose acetate-carbon replica- 
Palladium shadowed. 6000x. 
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Fig. 12 - Tension-tension plane-strain fatigue markings in the WR frac- 
ture direction in 2020 T651 aluminum alloy. Short deep cracks are indi- 
cated by arrows. Cellulose acetate -carbon replication technique. Palla- 
dium shadowed. 6000X. 
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plate specimens. The specimens were 3/4 in. thick, 2 in. wide, and 5 in. long. The 
fatigue cracks were propagated under tension-tension loading (2000 pounds to 5000 
pounds) at 3600 cycles per minute. The specimens were broken after precracking by 
impact loading. One specimen was tested in the TW direction.:’ The impact energies 
for both specimens were about 15 foot pounds. Plane strain fracture surfaces are shown 
in Figs. l-3. Though these were taken from the RW specimen, they are characteristic 
of the fracture surface features of the plane strain surfaces in both specimens. Figure 1 
shows typical dimples and some scraping artifacts (2). Figure 2 shows what is probably 
the effect of a banded structure. Figure 3 shows some of the flat regions (arrows) that 
were often associated with dimples. The fatigue markings for the RW direction are 
shown in Figs. 4-6. Figures 4 and 5 show that the fatigue markings often were mixed 
with tear dimples. Figures 5 and 6 show that striations often had tongue-shaped cracks 
(arrows) along parts of their lengths. Figures ‘7-12 show the fatigue markings found on 
the WR fracture surface. In Figs. 7 and 8, the fatigue markings are largely of the usual 
type (expected in aluminum alloys). However, Figs. 9-12 show, in increasing order, 
some markings that are not nicely shaped, smoothly curved groups of striations, but 
consist of short deep cracks as evidenced by thin films of carbon standing in relief on 
the replica surface (arrows in Fig. 12). Figure 12 also shows a patch of dimples in the 
upper portion. 

b. 2024 T851 and T4 

Specimens from three orientations (RW, WR, TR) were cut from a 5-in. thick 
plate of 2024 T851. The specimens were prepared and tested in the Mechanics Division 
and were of the short Single Edge Notched (SEN) type - l/4 in. x l-1/2 in. x 3.3 in. The 
fracture toughness values were 46.2 KS1 5 for the RW direction, 37.5 KS1 % for the 
WR direction, and 23.2 KS1 Jin. for the TR direction. The fatigue precracks were made 
in bending on a lathe and no records of the stresses were made. Figures 13-24 show the 
influence of orientation on the appearance of the fatigue markings. Figures 13-16 show 
the RW markings to be, in general, evenly spaced, gently curved striations arranged in 
groups that are separated by steps (black near-vertical lines in Fig. 15). 

Figures 17-20 show typical fatigue surface features in the WR direction. The 
first three fractographs show short, deep cracks (arrows in Fig. 17) while the fourth 
(Fig. 20) shows a rather smooth surface. Figure 18 shows a ‘river pattern” of steps 
with the same sense of convergence that is found in cleavage (i.e., the fracture propagates 
down-river). It is also apparent in Fig. 18 that individual segments of the local fatigue 
crack propagated on different planes. The near horizontal dark bands across the top 
(between the large arrows) are examples of fatigue on a set of planes whose orientation 
as a group is different from that of the region as a whole. This strongly suggests a 
crystallographic influence on the fatigue mechanisms, with the fatigue crack segments 
possibly seeking to propagate along certain crystallographic planes. A number of these 
segments (small arrows) are seen to be replicated partially as secondary cracks and 
partially as portions of the major fracture surface. 

Figures 21-24 showtypical markings onthe fracture surface created by propagating 
a fatigue crack in the TR direction. Figures 21 and 22 show large numbers of short 
secondary cracks that are approximately parallel to one another (their lengths extend 
in a direction from upper left to lower right). Figures 23 and 24 show markings that are 
much less systematic in their shapes, sizes, and orientations. 

A2024 T4 specimen of the Lehigh bendfatigue type (3), in which a surface crack was 
caused to propagate by high strain, balanced-cycle, tension-compression loading, yielded 
the fatigue markings shown in Figs. 25 and 26. This fatigue crack was propagated in the 
RW direction with the resulting fracture surface features having the same general charac- 
teristics as those shown for the same orientation in the previous specimens (Figs. 13-16). 

+The ASTM designations of fracture directions are used in this report (1). 
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Fig. 13 - Tension-tension plane-strain RW fatigue markings in 2024 T851 
aluminum alloy plate. Cellulose acetate-carbon replication technique. 
Palladium shadowed. 6000X. 
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Fig. 14 - Tension-tension plane-strain RW fatigue markings in 2024 T851 
aluminum alloy plate. C e 11 u 1 o s e acetate-carbon replication technique. 
Palladium shadowed. 6000X. / 
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Fig. 15 - Tension-tension plane-strain RW fatigue markings in 2024 T851 

aluminum alloy plate. C e 11 u 1 o s e acetate -carbon replication technique. 
Palladium shadowed. 6000X. 
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Fig. 16 - Tension-tension plane 
aluminum alloy plate. 

-strain RW fatigue markings in2024 T851 
C e 11 u 1 o s e acetate -carbon replication technique. 

Palladium shadowed. 6000x. 
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Fig. 17 - Tension-tension plane-strain WR fatigue markings in 2024 T851 
aluminum alloy plate. C e 11 u 1 o s e acetate -carbon replication technique. 
Palladium shadowed. 6000x. 
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Fig. 18 - Tension-tension plane-strain WR fatigue markings in2024 T851 
aluminum alloy plate. C e 11 u 1 o s e acetate -carbon replication technique. 
Palladium shadowed. 6000X. 
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Fig. 19 - Tension-tension plane-strain WR fatigue markings in2024 T851 
aluminum alloy plate. C e 11 u 1 o s e acetate -carbon replication technique. 
Palladium shadowed. 6000X. 
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Fig. 20 - Tension-tension plane-strain WR fatigue markings in2024 T851 
aluminum alloy plate. C e 11 u 1 o s e acetate -carbon replication technique. 
Palladium shadowed. 6000X. 
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Fig. 21 - Tension-tension plane-strain ?‘R fatigue markings in 2024 T851 

aluminum alloy. Cellulose acetate-carbon replication technique. Palla- 
dium shadowed. 6000X. 
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Fig. 22 - Tension-tension plane-strain TR fatigue markings in 2024 T851 
aluminum alloy. Cellulose acetate-carbon replication technique. Palla- 
dium shadowed. 6000x. 



NAVAL RESEARCH LABORATORY 25 

) ,/ , * ’ \ 7 
. #’ * ..l 

</, - i ,, c, -* _-rz. 
-4’ 

,’ ‘1 -*’ 
i $4, ,,,d ‘, + -c 

_-. y f y ) 
1 /” \ __ 1” 

-- 
\ 

1 ’ (. /, * _ ‘-“.; 

cY3 
._.* AL 
c-l 
I-- 
L- 
I.,*, 
C? 

WV 

t-r 
CY 

Fig. 23 - Tension-tension plane-strain TR fatigue markings in 2024 T851 
aluminum alloy. Cellulose acetate-carbon replication technique. 
Palladium shadowed. 6000x. 
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Fig. 24 - Tension-tension plane-strain TR fatigue markings in 2024 T851 
aluminum alloy. Cellulose acetate-carbon replication technique. Palla- 
dium shadowed. 6000X. 
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Fig. 25 - Tension-compression high-strain RW fatigue markings in 2024 
T4 aluminum alloy. Cellulose acetate-carbon replication technique. 
Palladium shadowed. 6000X. 
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Fig. 26 - Tension-compression high-strain RW fatigue markings in 2024 
T4 al urn i nu m  alloy. Cellulose acetate -carbon replication technique. 
Palladium shadowed. 6000X. 
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Fiv ,>. 27 - Plane-strain room temperature fracture in 2024 T4 aluminum alloy. 
G~llul ose acetatc -carbon replication technique. Palladium shadowed. 6000~. 

Figures 27 and 28 show the flat fracture surface created after the fatigue test. Figures 
27 and 28 show that fracture occurred almost entirely by void coalescence mechanisms. 

C. 6061 T651 -- 

A Lehigh fatigue specimen, in which a surface crack’ is propagated by fully 
reversed conditions, was prepared in such a manner that the crack propagated in the WT 
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Fig. 28 - Plane-strain room temperature fracture in 2024 T4 aluminum alloy. 
Cellulose acetate -carbon replication technique ~ Palladium shadowed. 6000X. 

direction. The fatigue surface features are shown in Figs. 29-31. The groups of stri- 
ations in these fractographs are characteristic of those found in most aluminum alloys. 
Large and small dimples characterize the flat monotonic fracture surface shown in 
Figs. 32 and 33. 
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Fig. 29 - Plane-strain tension-compression high-strain room temperature 
fatigue ;narkings in a crack propagated in the Wkdirectionin aplate of 6061 
T651 aluminum alloy. Cellulose acetate-carbon replication technique. 
Palladium shadowed. 6000x. 
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Fig. 30 - Plane-strain tension-compression high-strain room temperature 
fatigue markings in a crackpropagated in the WRdirection in a plate of 6061 
T651 aluminum alloy. C e 11 u 1 o s e acetate -carbon replication technique. 
Palladium shadowed. 6000X. 
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Fig, 31 - Plane-strain tension-compression high-strain room temperature 

fatigue markings in acrackpropagated in 
the WR directioninaplate of 6061 

T541 aluminum alloy. Cellulose acetate 
-carbon replication technique. 

Palladium shadowed. 6000X. 
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Fig. 32 - Room temperature plane-strain monotonic fracture in 6061 T651 
aluminum alloy. Cellulose acetate-carbon replication technique. 6000x. 
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Fig. 33 - Room temperature plane-strain monotonic fracture in 6061 T651 
aluminum alloy. Cellulose acetate-carbon replication technique. 6000x. 

d. 7178 T6 

A short single-edge notch specimen of 7178 T6 aluminum alloy was fatigue pre- 
:ked and broken with an indicated toughness KIc of 2 1.3 KS1 G The fatigue markings 
shown in Figs. 34 and 35. Dimples in the plane strain (monotonic) fracture surface 
shown in Figs. 36-38. 
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Fig. 34 - Room temperature tension-tension fatigue markings in 7178 
T6 aluminum alloy. Cellulose acetate-carbon replication technique. 
palladium shadowed. 21,000X. 
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Fig. 35 - Room temperature tension-tension fatigue markings in 7178 
T6 aluminum alloy. Cellulose acetate -carbon replication technique. 
Palladium shadowed. 21,000X. 
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Fig. 36 - Room temperature monotonic plane-strain fracture surface 
in 7178 T6 aluminum alloy. Cellulose asetate -carbon r e p 1 i c at i on 
technique. 21,000X. 
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Fig. 37 - Room temperature monotonic plane-strain fracture surface 
in 7178 T6 aluminum alloy. Cellulose acetate-carbon replication 
technique. 21,000X. 
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Fig. 38 - Room temperature monotonic pl;inc-strain fr;lcturc surface 
in 7178 1’6 aluminum alloy. Cellulose acetate-carbon I e p 1 i c at ion 
technique. 12,000X. 
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Figures 39-41 show fatigue markings and Figs. 42 and 43 show dimples that 
characterize the fatigue ar!d monotonic flat fracture surfaces of a 7075 T6 plate Lehigh 
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fatigue specimen. These s.riations were formed under conditions of tension-compression ‘3 
with loads sufficient to cause high strains in both tension and compression. 
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Fig. 39 - Room temperature tension-compression high-strain fatigue markings in 
7075 T6 aluminum alloy plate. Cellulose acetate-carbon replication technique. 
Palladium shadowed. 6000X. 
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Fig. 40 - Roomtemperature tension-compressionhigh-strain fatigue markings in 
7075 T6 aluminum alloy plate. 
Palladium shadowed. 6000x. 

Cellulose acetate-carbon replication technique. 
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Fig. 41- Room temperature tension-compressionhigh-strain fatigue markings in 
7075 T6 aluminum alloy plate. 
Palladium shadowed. 6000~. 

Cellulose acetate-carbon replication technique. 
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Fig. 42 - Room temperature monotonic plane-strain fracture surface of 
7075 T6 aluminum alloy plate. Cellulose acetate-carbon replication 

technique. Palladium shadowed. 6000~. 
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Fig. 43 - Room temperature monotonic plane-strain fracture surface of 
7075 T6 aluminum alloy plate. 
technique. 

Cellulose acetate-carbon replication 
Palladium shadowed. 6000~. 

Four categories of fine-scale fracture surfaces have been identified in the mono- 
tonic fracture surfaces of a notched-round tensile bar cut from a 1 in. thick 7075 T6 plate. 
Replicas were prepared from both fracture surfaces by shadowing with palladium and 
backing with carbon and then freeing the replica by electropolishing.+ 
+Specimen was made the anode in a beaker of 7.8% perchloric acid, 12% distilled water, 

70% ethyl alcohol, and 10% Butylcellosolve. Replicas were freed in 5 to 10 minutes. 
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Precision matching studies showed that fracture occurred by void coalescence (Figs. 
44-47), stretching (4) around broken intermetallic particles (Figs. 44-47), separation 
along boundaries between intermetallic particles and cleavage of intermetallic particles 
(Figs. 48-51). and a low deformation rupture process which is presently unidentified 
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Fig. 44 - Tear dimples in plane-strain monotonic fracture surface 
of a 7075 T6 specimen which was broken at room temperature. 
Surface is matched with that shown in Fig. 45. Palladium shadowed 
direct carbon replica. 11,000X. 
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Fig. 45 - Tear dimples in plane - strain monotonic fracture surface 
of a 7075 T6 specimen which was broken at room temperature. 
Surface is matched with that shown in Fig. 44. Palladium shadowed 

direct carbon replica. 11,000X. 

(Figs. 50 and 51). Both the region bounded by arrows in Fig. 50 and its mating region on 
the opposite surface have been studied stereoscopically and have been seen to be concave 
fracture surfaces - but only slightly so. The fine detail in these regions is in general too 
small to be analyzed for elevation above or depression below the surrounding fracture 
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Fig. 46 - Smooth s t r e t c he d surfaces formed by extreme plastic 
deformation of matrix at particle-matrix interfaces in room tem- 
perature monotonic plane-strain fracture of 7075 T6 specimen. 
Matched with Fig. 47. Palladium-shadowed direct carbon replica- 
tion technique. 6000X. 

surfice. Some of the larger features, such as the circled ones, have been found to mate, 
with a raised feature on one surface fitting into a depressed feature on the other surface. 
More work is necessary before the underlying mechanisms can be understood. The one 
significant observation that can be reported so far is that considerably less local 
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Fig. 47 - Smooth s t r e t c he d surfaces formed by extreme plastic 
deformation of matrix at particle-matrix interfaces in room tem- 
perature monotonic plane-strain fracture of 7075 T6 specimen. 
Matched with Fig. 46. Palladium-shadowed direct carbon replica- 
tion technique. 6000X. 

deformation is involved than in the mechanisms of stretching or microvoid coalescence. 
Thinner replicas of higher fidelity than those used in this study will be required to study 
the sub-micron features of - and the fracture mechanisms which create - these little 
understood surfaces. 
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Fig. 48- Separation at intermetallic particle interface and cleav- 
age of intermetallic particles in room t e mp e rat u r e monotonic 
plane-strain fracture of 7075 T6 aluminum alloy. Matched with 
Fig. 49. 
10,500x. 

Palladium-shadowed direct carbon replication technique. 
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Fig. 49 - Separation at intermetallic particle interface and cleav- 
age of intermetallic particles in room t e mp e r at u r e monotonic 
plane-strain fracture of 7075 T6 aluminum alloy. Matched with 
Fig. 48. Palladium-shadowed direct carbon replication technique. 
10,500x. 
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Fig. 50 - Example (bounded by arrows) of a fracture surface feature in 
7075 T6 aluminum alloy that is formed by unknown, but low deformation 
processes. Region on the left was formed by deformation at particle- 
matrix interface. Mat c he d with Fig. 51. Palladium-shadowed direct 
carbon replication technique. 10,500X. 
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Fig. 51 - Example of a fracture surface feature in 7075 T6 alumi- 
num alloy that is formed by unknown, but low deformation,processes. 
Region on the left was formed by deformation at particle-matrix 
interface. Matched with Fig. 50. Palladium-shadowed direct car - 
bon replication technique. 10,500X. 
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3. CHARACTERIZATION OF TITANIUM FRACTURE SURFACES 

All of the monotonic overload fracture surfaces in the titanium alloys examined so 
far, regardless of the temperature at which they were formed, have been formed by plas- 
tic flow mechanisms. The fracture surfaces are composed of variously sized and shaped 
dimples and stretched regions. 

a. Low-Interstitial Unalloyed Titanium _~--- 

Figures 52 and 53 show typical features from a pure titanium fracture surface. 
The specimen was a Lehigh type fatigue specimen, shown in Fig. 54. Typical fatigue 
markings are shown in Figs. 55 and 56. Individual striations are generally straight. 

Fig. 52 - Monotonic fracture surface of alow interstitial titanium 
specimen broken at room temperature. Cellulose acetate -carbon 
replication technique. Palladium shadowed. 6000X. 
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Fig. 53 - Monotonic fracture surface of a low interstitial titanium 
specimen broken at room temperature. Cellulose acetate-carbon 
replication technique. Palladium shadowed. 6000X. 
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Fig. 54- Lehigh fatigue specimen of low 
interstitial unalloyed titanium. 1X. 
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Fig. 55 - Fatigue markings in low interstitial unalloyed titanium. Cellulose 
acetate-carbon replication technique. Palladium shadowed. 6000X. 
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Fig. 56 - Fatigue markings in low interstitial unalloyed titanium, Cellulose 
acetate-carbon replication technique. Palladium shadowed. 6000X. 
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Fig. 57 - Macroscopic view of a Lehigh fatigue specimen of Ti-6Al-4V 
showing fatigue and monotonic fracture surfaces. 1X. 

b. Ti-6Al-4V 

Figure 57 shows the macroscopic appearance of the Lehigh specimen of Ti-GAl- 
4V broken partially by fatigue and then broken monotonically in a tensile machine. The 
dimpled appearance of the overload fracture surface is seen in Fig. 58. Fatigue markings 
are shown in Figs. 59-61. 

Figure 62 shows a l-1/2 in. wide center-cracked sheet crack-toughness speci- 
men of this material in the solution treated condition with an RW crack propagation direc- 
tion, and Fig. 63 shows a similar specimen with a WR crack propagation direction. 
Characteristic fatigue markings are shown in Fig. 64 for the RW direction and Fig. 65 
for the WR direction. Both specimens were tension-tension fatigued for 25,000 cycles 
with the load ranging from 1200 pounds to 3000 pounds. Striations are well marked in 
these particular fractographs, but areas without striations are common. Marked differ- 
ences in elevation between patches of striations are visible when stereoscopic pairs are 
examined. 

C. Ti-8Al-lMo-1V 

Figure 66 shows a short single-edge-notched type specimen of a Ti-8Al-lMo-lV, 
0.052 in. thick and 0.981 in. wide. A KIT of 45.2 KS1 c was calculated for this specimen. 
A portion of the plane strain fracture surface is seen in Fig. 67. Figures 68 and 69 show 
characteristic fatigue markings. Loads during the fatigue cracking were not recorded. 

d. Ti-4Al-3Mo-1V 

Two center-cracked sheet specimens, one with a WR crack direction and one 
with an RW direction are shown in Figs. 70 and 71 respectively. The WR fatigue markings 
are shown in Fig. 72 and the RW markings are shown in Figs. 73 and 74. The three frac- 
tographs show characteristic fracture appearances for the WR and RW modes of specimens 
aged 12 hours at 1150°F (R, 33), and the RW mode of a specimen aged 12 hours at 925°F 
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Fig. 58 - Dimpled rupture appearance of monotonic plane-strain fracture in 
specimen shown in Fig. 57. Cellulose acetate -carbon replication technique. 
Palladium shadowed. 6000X. 
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Fig. 59 - Fatigue markings in Ti-6Al-4V. Cellulose acetate-carbon 
replication technique. Palladium shadowed. 6000X. 
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Fig. 60 - Fatigue markings in Ti-6Al-4V. Cellulose acetate-carbon 
replication technique. Palladium shadowed. 6000X. 
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Fig. 61 - Fatigue markings in Ti-6Al-4V. Cellulose acetate-carbon 
replication technique. Palladium shadowed. 6000X. 
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Fig. 62 - Center-cracked crack toughness specimen 
of Ti-6Al-4V, with an RW crack. 4X. 

Fig. 63 - Center-cracked cracktoughness specimen 
of Ti-6Al-4V. with a WR crack. 4X. 
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Fig. 65 - Fatigue markings in the WR crack shownin the specimenin Fig. 63. 
Cellulose acetate-carbon replica. Palladium shadowed. 6000X. 
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Fig. 66. Edge notched and fatigued crack toughness 
specimen of Ti-8Al-lMo-1V. 6X. 
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Fig. 67 - Monotonic plane-strain fracture surfacein Ti-8Al-lMo-1V 
specimen shown in Fig. 66. Cellulose acetate-carbon r e p 1 i c at ion 
technique. Palladium shadowed. 6000~. 
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Fig. 68 - Characteristic fatigue markings in Ti-8Al-lMo-1V 
specimen shown in Fig. 66. Cellulose acetate-carbon repli- 
cation technique. Palladium shadowed. 6000~. 
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Fig. 69- Characteristic fatigue markings in Ti-8Al-lMo-1V speci- 
men shown in Fig. 66. Cellulose acetate-carbon replication tech- 
nique . Palladium shadowed. 6000X. 
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Fig. 70 - WR fatigue crack and monotonic fracture in a center-cracked 
crack toughness specimen of*Ti-4Al-3Mo-1V. 6X. 

Fig. 71- RW fatigue crack and monotonic fracture 
inacenter-crackedcracktoughness of specimen 
Ti-4Al-3Mo-1 V. 6X. 
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Fig. 72 - WR fatigue markings in Ti-4Al-3Mo-1V. From the specfmen 
shown in Fig. 70. Cellulose acetate -carbon r e p 1 i c at i o n techmque. 
Palladium shadowed. 6000X. 
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Fig. 73- RW fatigue markings in Ti-4Al-3Mo-1V. From the specimen 
shown in Fig. 71. Cellulose acetate -carbon r e p 1 i c at i on technique. 
Palladium shadowed. 6000X. 
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Fig.74 - RW fatigue markings in Ti-4Al-3Mo-1V. From the specimen 
shown in Fig. 71. Cellulose acetate -carbon r e p 1 i c at i o n technique. 
Palladium shadowed. 6000X. 
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Fig. 75 - Drop weight tear specimen of as-cast 
Ti-5A1-3Sn-2Mo-2V alloy. l-l/2X. 

(R, 42). The greatest difference in appearance is between the WR fracture surface in 
the specimen aged at 1150°F and the RW fracture surface in the specimen aged at 925°F. 
The RW fracture surface of the specimen aged at 925°F had more equiaxed features. The 
striation groups of the RW fracture surface in the specimen aged at 1150°F are only 
slightly more equiaxed than those in the WR fracture surface in the other specimen aged 
at the same temperature. The absence of well-marked striations seems typical of the 
alpha-beta alloys so far examined. The equiaxed features of the RW fracture in fatigue 
strongly resemble the dimples produced by fast fracture in the same (RW) mode. 

e. Ti-5Al-3Sn-.2Mo-2V As Cast 

Figure 75 shows the fracture surface of a drop weight tear test specimen* of 
an as-cast piece of Ti-5Al-3Sn-2Mo-2V alloy. The intergranular nature of the part of 
the fracture is apparent. Figure 76 shows dimples on one facet of one of the grain sur- 
faces. Figures 77-80 show dimples and other features seen on transgranular portions 
of the fracture. Figure 80 shows long shallow trough-like dimples associated with angu- 
lar constituent particles (arrows). 

f. Ti-2-1/2Al-16V 

Two center-cracked sheet specimens of Ti-2-1/2Al-16V, both 1 in. wide, 0.062 
in. thick, and aged for four hours at 900°F (R, 41), are shown in Figs. 81 and 82. The 
fatigue crack in the specimen shown in Fig. 81 was propagated in the RW direction and 
the crack in Fig. 82 was propagated in the WR direction. Figures 83 and 84 are high 
magnification fractographs of the RW fatigue crack and Figs. 85 and 86 are fractographs 
of the WR fatigue crack. The difference between the two modes in this material is quite 
pronounced - the RW mode exhibits extremely equiaxed features, with few striations. It 
is not at all certain what the striation-like markings on the WR fracture surface are. 

g- Ti-13V-llCr-4Al 

Figure 87 shows a center-cracked sheet specimen of Ti-13V-llCr-4Al, l-1/2 in. 
wide and 0.067 in. thick. The fatigue cracks were introduced by loading the specimen in 
tension-tension fatigue between loads of 600 pounds and 1200 pounds for 23,000 cycles at 

:::For a description of this specimen see Reference No. 5. 
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Fig. 76- Dimples on a grain facet of the specimen shown in Fig. 75. Cellu- 
lose acetate-carbon replication technique. Palladium shadowed. 6000~. 
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Fig. 77 - Transgrannlar monotonic impact fracture surface of as cast 
Ti-5Al-3Sn-ZMo-2V specimen shown in Fig. 75. Cellulose acetate - 

carbon replication technique. Palladium shadowed. 6000X. 
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Fig. 78 - Transgranular monotonic impact fracture surface of as cast 
Ti-5A1-3Sn-2Mo-2V specimen shown in Fig. 75. Cellulose acetate- 
carbon replication technique. Palladium shadowed. 6000X. 
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Fig. 79 - Transgranular monotonic impactfracture surface of as cast 
Ti-5A1-3Sn-2Mo-2V specimen shown in Fig. 75. Cellulose acetate- 
carbon replication technique. Palladium shadowed. 6000X. 
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Fig. 80 - Transgranular monotonic impact fracture surface of as cast 
Ti-5A1-3Sn-2Mo-2V specimen shown in Fig. 75. Cez’,u,‘;F acetate- 
carbon replication technique. Palladium shadowed. 
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Fig. 81 - RW fracture surface in aTi-2-1/2Al-16V alloy 
center-cracked crack toughness specimen. 5X. 

Fig. 82 - WR fracture surface in a Ti-2-l/ZAl-16V allov , 
center-cracked crack toughness specimen. 5X. 
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Fig. 83 - Fatigue markings in the RW crack shown in Fig. 81. Cellulose 
acetate -carbon replication technique. Palladium shadowed. 2200x. 
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Fig. 84 - Fatigue markings in the RW crack shown in Fig. 81. Cellulose 
acetate -carbon replication technique. Palladium shadowed. 2200X. 
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Fig. 85 - Fatigue markings in the WR crack shown in Fig. 82. Cellulose 
acetate-carbon replication technique. Palladium shadowed. 2500X. 
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Fig. 86 - Fatigue markings in the WR crack shown in Fig. 82, 
C e 11 u 1 o s e acetate -carbon replication technique. Palladium 
shadowed. 2500X. 

Fig. 87 - Center-cracked specimen of Ti-13V-IlCr-4AI 
Alloy. 2X. 
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room temperature. The specimen was aged for 100 hours at 850°F. Figure 88 shows 
the characteristic appearance of fatigue surfaces in this specimen, while Fig. 89 is an 
enlargement of a small region in Fig. 88. The fatigue striations are visible at 9000X 
as very fine lines, often crossing other parallel lines which are probably related to the 
crystallographic orientation of the grains through which the crack passed. The low mag- 
nification picture clearly shows a number of individual grains, and one can see that the 
distinctive surface markings do not seem to cross the grain boundaries. The solution 
treated specimens show the same fatigue fracture features. 
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Fig. 88 - Fatigue markings in crack shown in Fig. 87. Cellulose acetate - 
carbon replication technique. Palladium shadowed. 630X. 
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Fig. 89 - Higher magnification view of a portion of Fig. 88. 9000X. 
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4. CHARACTERIZATION OF STEEL FRACTURE SURFACES 
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Four steels of current interest were examined. Fatigue and overload fracture sur- 
faces in three HY 80 compositions were characterized. Maraging steel TIG weld metal 
fatigue, overload, and hydrogen embrittlement fracture surfaces were characterized. IT, 

r,ll 

a. HY 80 Steel 

Figure 90 shows the macroscopic appearance of the Lehigh-type fatigue speci- 
men. The central fatigue fracture was grown by a repeated bending load, and then the 
specimen was fractured in tension. Figures 91 and 92 show the characteristic appearance 
of the fatigue striations in this specimen. Figures 93 and 94 respectively show equiaxed 
and tear dimples in the square portion of the fracture surface. 

b. HY 110 Steel 

This higher strength modification with the HY 80 composition was obtained by 
adjusting the tempering temperature (6). The Lehigh-type fatigue specimen is shown at 
low magnification in Fig. 95. It was fatigued and then broken at room temperature. 
Characteristic fatigue markings are shown in Figs. 96 and 97, and dimples that are 
characteristic of the overload fracture are shown in Figs. 98 and 99. 

C. HY 150 Steel 

This further modification of yield strength with the HY 80 steel composition was 
also obtained by adjusting the tempering temperature. Figure 100 shows the Lehigh-type 
fatigue specimen, Figs. 101 and 102 show the characteristic fatigue markings, and Figs. 
103-105 show the characteristic appearance of the dimples. 

Fig. 90 - Lehigh fatigue specimen rracture surrace 
in HY 80 steel. 1X. 
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Fig. 91 - Fatigue striations in the fatigue crack shown in the HY 80 
specimen in Fig. 90. Cellulose acetate-carbon replication technique. 
Palladium shadowed. 6000X. 
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Fig. 92 - Fatigue striations in the fatigue crack shown in the HY 80 
specimen in Fig. 90. Cellulose acetate-carbon replication technique. 
Palladium shadowed. 6000X. 
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Fig. 93 - Equiaxed dimples in the square monotonic fracture portion 
of the HY 80 specimen shown in Fig. 90. Cellulose acetate -carbon 
replication technique. Palladium shadowed. 6000X. 
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Fig. 94 - Tear dimples in the square monotonic fracture portionof 
the HY 80 specimen shown in Fig. 90. Cellulose acetate-carbon 
replication technique. Palladium shadowed. 6000X. 
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Fig. 95 - Lehigh fatigue specimen of HY 110 steel. l-l/2X. 
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Fig. 96 - Fatigue markings in HY 110 steel. Cellulose acetate-carbon 
replication technique. Palladium shadowed. 3000x. 
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Fig. 97 - Fatigue markings in HY 110 steel. Cellulose acetate-carbon 
replication technique. Palladium shadowed. 4500X. 
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Fig. 93 - Dimples in monotonic fracture surface of HY 110 steel. Cellulose 

acetate-carbon replica technique. Palladium shadowed. 6000X. 
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Fig. 99 - Dimples in monotonic fracture surface of HY 110 steel. Cellulose 
acetate -carbon replica technique. Palladium shadowed. 6000X. 



NAVAL RESEARCH LABORATORY 

r- 
a=” 
cr, 
CR 
1-e. 
-5 
13 
I=?? 
c1 

Fig. 100 - Lehigh fatigue specimen of HY 150 steel.l-1/2X. 
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Fig. 101 - Characteristic fatigue markings in HY 150 steel. Cellulose 
acetate -carbon replication technique. Palladium shadowed. 6000X. 
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Fig. 102 - Characteristic fatigue markings in HY 150 steel. Cellulose 
acetate -carbon replication technique. Palladium shadowed. 12,000X. 
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Fig. 103 - Dimples in monotonic fracture surface of HY 150 steel. Cellulose 
acetate-carbon replication technique. Palladium shadowed. 6000x. 
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Fig. 104- Dimples in monotonic fracture surface of HY 150 steel. Cellulose 
acetate-carbon replication technique. Palladium shadowed. 6000X. 
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Fig. 105 - Dimples in monotonic fracture surface of HY 150 steel. Cellulose 
acetate -carbon replication technique. Palladium shadowed. 6000X. 
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d. Maraging Steel Weld Metal 
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Fracture through maraging steel weld metal is of potential interest and there- K; 
fore fatigue, overload, and hydrogen embrittlement fracture surfaces in this material t-1.1 
have been examined. The material selected was of the 250 KS1 yield strength variety of 

,-r’j 
r--J .I 

18% nickel maraging steel. Plates 3/4 in. thick were TIG welded together and 3/4 in. 
square cross-section specimens were cut with their 7 in. lengths perpendicular to the 
length of the weld. The welds were ground flush and then surface notched and fatigue- 
cracked so that the plane of the crack passed through the length and center of the weld 
metal. The specimens were broken by bending (7) after aging at 915°F for four hours. 
Figures 106 and 107 show the macroscopic fracture surface of one of the specimens. 
Figure 106 shows the effect of layers of weak microstructural heterogeneities on the 
fracture path in one of the specimens. The specimens were broken by three-point bend- 
ing, and a large number of such specimen split, or delaminated, as seen in Fig. 106. 
Figure 107 is a higher magnification optical fractograph showing a network of high reflec- 
tivity regions, one portion of which is bounded by arrows. Figures 108 and 109 show the 
sources of the relatively high and low reflectivity respectively. The network is shiny 
because it is composed of numerous flat platelets of some unidentified constituents, and 
the regions of low reflectivity are composed of dimples. High magnification fractographs 
of the specimen shown in Fig. 110 are shown in Figs. 111-115. Figures 111-113 show 
characteristic fatigue markings in this specimen. The specimens were precracked by 
fatigue at room temperature. Figures 114 and 115 show the typical appearance of the 
dimpled rupture surfaces found in mar-aging steels of this strength level. 

To date there have been only two conditions in mar-aging steel that have produced 
quasi cleavage. One was a 160,000 psi yield strength experimental heat where specimens 
were broken at low temperatures. The other condition was slow crack propagation 
(“static fatigue”) through hydrogen embrittled weld metal and base metal in specimens 
like those described in the previous paragraph. Figures 116 and 117 show quasi-cleavage 
in hydrogen embrittled weld metal. Figure 116 shows a mixture of dimples and quasi- 
cleavage with the characteristic steps, river patterns, and tear ridges seen in quasi- 
cleavage. 

Fig. 106 - Slow bend fracture toughness specimenof 250 KS1 
yield strength maraging steel which split, or delaminated, 
when tested at room temperature. 2X. 
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Fig. 107 - Network of regions of high reflectivity seen onthe 
delaminated surfaces in maraging steel. 16X. 
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Fig. 108 - Thin flat particles that caused the d e 1 am i n a t i on of the specimen 
shown in Fig. 106. The particles were broken and separated by rolling. 
Cellulose acetate -carbon replication technique. Palladium shadowed. 6000x. 
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Fig. 109 - Dimples that were found betweenthe zones of high reflectivity 
in Fig. 106. Cellulose acetate-carbon replication technique. Palladium 
shadowed. 6000X. 
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Fig. 110 - Slow bend fracture toughness 
specimen of 250 KSIyield strengthmarag- 
ing steel weld metal 
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Fig. 111 - Fatigue markings in 250 KS1 yield strengthmaraging 
steel weld metal. Cellulose acetate-carbon replication technique. 
Palladium shadowed. 6000X. 
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Fig. 112 - Fatigue markings in 250 KS1 yield strength maraging steel weld metal. 
Cellulose acetate-carbon replication technique. Palladium shadowed. 6000X. 
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Fig. 113 - Fatigue markings in 250 KS1 yield s t r e n g t h maraging 
steel weld metal. Cellulose acetate-carbon replication technique. 
Palladium shadowed. 6000X. 
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Fig. 114 - Dimples on the overload fracture surface in maraging steel 
weld metal. Cellulose acetate-carbon replication technique. Palladium 
shadowed. 6000X. 
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Fig. 115 - Dimples on the overload fracture surface inmaraging steel 
weld metal. Cellulose acetate -carbon replication technique. 
shadowed. 6000X. Palladium 
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Fig. 116 - Quasi-cleavage in 250 KS1 yield strength maraging steel 
weld metal, embrittled by hydrogen and broken under sustained load 
at room temperature. Cellulose acetate-carbon replicationtechnique. 
Palladium shadowed. 6000X. 
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Fig. 117 - Quasi-cleavage in 250 KS1 yield strength maraging steel weld 
metal, embrittled byhydrogen and broken under sustained load at room 
temperature. Cellulose acetate -carbon replication technique. Palladium 
shadowed. 21,000X. 
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5. MONOTONIC FRACTURE SURFACE MARKINGS THAT CR 
MAY BE MISTAKEN FOR FATIGUE MARKINGS 

,jrT 
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Wallner’s lines (8), scraping artifacts (2), and other parallel fracture surface mark- ;q 
ings arising from factors other than repeated loading are likely to be mistaken for fatigue w 
markings by the novice. Figure 118 shows serpentine glide (4) (i.e., unidentified slip 
markings forming a plaited pattern) formed when the interfaces between silicate fibers 
and matrix in wrought iron were plastically deformed in fracture at room temperature. 
The markings near the top of Fig. 118 in particular might be erroneously identified with 
fatigue loading conditions. 

Fig. 118 - Serpentine glide in wrought iron ferrite matrix. Cellulose 
acetate-carbon replication technique. Palladium shadowed. 6000x. 
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Figures 119 and 120 show markings observed in spot-weld metal in a ‘7075 aluminum 
alloy. The markings at the top and bottom of Fig. 119 bear a resemblance to fatigue 
markings but were formed from the cast structure of localized eutectic alloy that was 
formed when the spot weld solidified. Figure 120 is another example of the same struc- 
ture. Here the parallel markings are in the middle of the fractograph with their lengths 
extending diagonally from lower left to upper right. 

6. FRACTURE PROPAGATION DIRECTION DIAGNOSIS BY 
EXAMINATION OF DIMPLE ORIENTATION 

Efforts to establish a failure analysis tool to aid in determining the fracture propa- 
gation direction by observing the orientation of shear rupture dimples in full shear (or 
slant) fractures have been totally unsuccessful. The basis for expecting that there might 
be a dependence of dimple orientation upon propagation direction is the fact that full shear 
fractures must result from some combination of shear rupture and tearing, with the tear- 
ing component giving a corresponding directional sense to the dimples (9). 

Aluminum alloy 6061 T6 specimens, 0.063 in. thick, were designed and tested to 
accentuate the tearing component in full shear, and replicas from these fracture surfaces 
were critically examined. The effect of the tearing component was not pronounced enough 
to make dimple orientation dependence evident. 

7. OTHER PROGRAM RESPONSIBILITIES 

Four failure analyses were performed on fractured critical aircraft components. The 
results were reported in the form of memorandum reports. The results of an additional 
failure analysis were given verbally to a representative of Edwards Air Force Base. 

Guidance has been given to Douglas Aircraft Company during the preparation of their 
failure analysis handbook. Special fractographs have been prepared for Douglas for 
inclusion in the handbook and sent to them. 

8. SUGGESTIONS FOR FUTURE WORK 

Time duration available for future failure analyses with the aid of electron fractography 
should be expanded to permit the persons doing the analyses to conduct pertinent controlled 
experiments in the laboratory to prepare standard fracture surfaces. These surfaces, 
when compared or contrasted with the fracture surfaces of the service items, would per- 
mit the highest confidence in the analyses. 
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Fig. 119 - Monotonic fracture through eutectic structure in 7075 
aluminumalloy. Cellulose acetate-carbon replication technique. 
Palladium shadowed. 9000X. 
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Fig. 120 - Monotonic fracture through eutectic structure in 7075 
aluminum alloy, Ccllulosc acetate-carbon replication technique. 
Palladium shadowed. 9000X. 
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